Animals exhibit behavioral and neural responses that persist on longer time scales 12 than transient or fluctuating stimulus inputs. Here, we report that C. elegans uses corollary 13 discharge to sustain motor responses during thermotactic navigation. By imaging circuit activity in 14 behaving animals, we show that a principal postsynaptic partner of the AFD thermosensory neuron, 15 the AIY interneuron, encodes both temperature and motor state information. By optogenetic and 16 genetic manipulation of this circuit, we demonstrate that the motor state representation in AIY is a 17 corollary discharge signal. RIM, an interneuron that is connected with premotor interneurons, is 18 required for corollary discharge. Ablation of RIM eliminates the motor representation in AIY, allows 19 thermosensory representations to reach downstream premotor interneurons, and reduces the 20 animal's ability to sustain forward movements during thermotaxis. We propose that corollary 21 discharge underlies a positive feedback mechanism to generate persistent neural activity and 22 sustained behavioral patterns in a sensorimotor transformation. 23 24 40 1 of 23 Manuscript submitted to eLife C. elegans exhibits biased random walks, extending forward runs towards preferred environments 41 (Pierce-Shimomura et al., 1999; Ryu and Samuel, 2002; Ino and Yoshida, 2009). C. elegans can also 42 exhibit klinotaxis, the gradual steering of heading angles during forward movements towards 43 preferred directions (Ward, 1973; Ino and Yoshida, 2009 ). C. elegans employs both biased random 44 walk and head steering (Hedgecock and Russell, 1975; Mori and Ohshima, 1995; Luo et al., 2014a ) 45 to actively move up or down a temperature gradient towards preferred temperatures -positive or 46 negative thermotaxis, respectively.
. However, establishing causality between positive 32 feedback, persistent neural activity, and sustained behavior states has been challenging because of 33 the technical difficulties in experimentally dissecting neural activities across entire sensorimotor 34 pathways. 35 The compact nervous system and optical accessibility of C. elegans make it possible to explore 36 molecular and circuit mechanisms that underlie persistent neural activities and sustained behavioral 37 states in intact animals (Gao et al., 2015) . C. elegans requires persistent motor states to navigate 38 variable sensory environments. During locomotion, the animal alternates between sustained 39 forward movements and short reversals. When navigating through a chemical or thermal gradient, The C. elegans wiring diagram has a layered organization (White et al., 1986) (Figure 2B) . Sensory 61 We probed mechanisms by which AIY biases random walks during positive thermotaxis. Our 62 calcium imaging of AIY in moving animals reveals that AIY encodes both temperature and motor 63 information. Consistent with a previous report (Luo et al., 2014b) , we show that AIY activity rises at 64 the onset of forward runs and falls at the onset of reversals. But we further reveal that whether AIY 65 encodes the thermosensory input from the AFD neuron depends on motor state. During forward 66 runs, AIY activity follows AFD activity, rising during warming and falling during cooling. During 67 reversals, AIY does not encode AFD thermosensory input. We demonstrate that the motor state 68 representation in AIY reflects corollary discharge (CD), a copy of the motor command. Corollary 69 discharge to AIY requires RIM, an interneuron that is connected with both the forward and reversal 70 premotor circuit. In the absence of RIM, AIY encodes thermosensory input from AFD regardless 71 of motor state. Moreover, weak thermosensory representations appeared in some premotor 72 interneurons. At the behavioral level, absence of RIM causes positive thermotaxis to be disrupted 73 by reduced ability to sustain forward movement up temperature gradients. These experimental 74 results support a minimal phenomenological model where both warming and corollary discharge 75 reinforce and sustain the forward motor state in a biased random walk. Therefore, in C. elegans, 76 motor state shapes sensory processing by feedback from premotor interneurons to first layer 77 interneurons. Our results establish a role for corollary discharge in sustaining a motor state despite 78 variable or fluctuating sensory environments.
79

Results
80
Sustained forward movements across thermal fluctuations in positive thermotaxis 81 C. elegans navigates towards temperatures that correspond to prior thermal experience. To evoke 82 positive thermotaxis, we placed young adults cultivated at 25°C on a linear thermal gradient span-83 ning 19 to 23°C (Figure 1) . Consistent with earlier reports, these animals exhibited biased random angles gradually reoriented towards temperatures that correspond to prior experience (Figure 1B) . 87 Without a temperature gradient, there was no evident modulation of either run length or heading 88 angle ( Figure 1B) . 89 
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Manuscript submitted to eLife Individual trajectories during positive thermotaxis revealed periods of forward movement that 90 carry the animal up the temperature gradient. Although these periods of forward movement are 91 persistent in duration, they are not always persistent in direction ( Figure 1C) . C. elegans experiences 92 temporal changes in temperature on spatial gradients because of its own movements. Because of 93 changes in movement direction, most runs -even those that orient the animal towards warmer 94 temperatures -will typically involve detection of both warming and cooling stimuli ( Figure 1D) . Thus, 95 C. elegans has an ability to sustain forward movement up temperature gradients across transient 96 cooling fluctuations.
97
Thermosensory encoding in AIY depends on motor state 98 We sought circuit mechanisms for sustaining forward movement up temperature gradients despite 99 thermal fluctuations. 100 First, we measured the activity of the AFD thermosensory neuron and AIY, its principle postsy- (Figure 2A) . The power spectrum of AFD activity shows a strong 105 peak corresponding to the frequency of thermal oscillation (Figure 2A) . AFD activity showed no 106 strong correlation with the motor state (Figure 2) (Spearman's <0.1, N = 6), indicating that motor 107 commands arise downstream of the thermosensory neuron. 108 To understand the activity patterns of AIY, we simultaneously monitored AIY calcium dynamics 109 along with components of the motor circuit known to code forward and reversal motor states 110 (Figure 2B,C) . We found that AIY encodes both motor and temperature information. During forward 111 movements, AIY's calcium activity phase locked to temperature changes, increasing upon warming 112 and decreasing upon cooling (Figure 2D) . This response was attenuated during reversals ( Figure 2D) . 113 As a result, the frequency of temperature oscillations is less well represented in the power spectrum 114 of AIY activity than that of AFD (p<0.01, Wilcoxon rank-sum test; N = 6) ( Figure 2D) . 115 Unlike AFD and AIY, all motor circuit neurons that we examined strictly encode motor information (Figure 2B) . In animals subjected to oscillating thermosensory stimulation, AVA calcium 119 activity exhibited high and low states that correlated with backward and forward movement, 120 respectively ( Figure 2D) . We detected no representation of the stimulus frequency in the power 121 spectrum of AVA's activity pattern (p>0.1, Wilcoxon rank-sum test, N = 5, Figure 2D) . Similarly, during 122 thermosensory stimulation, the RME and SMD head motor neurons exhibited both high and low 123 states that coincided with animal's directional movements (Figure 2D) , as reported in previous 124 studies (Hendricks, 2012). The power spectra of RME and SMD activity patterns also revealed no 125 representation of thermosensory input (Figure 2D) . 126 For positive thermotaxis, the sensorimotor transformation progresses through three layers 127 ( Figure 2B) : the first layer encodes only thermal stimuli; the first layer interneuron encodes both 128 thermal stimuli and motor states; the premotor and motor layer encode only motor states.
129
Motor coding in AIY is a corollary discharge signal that requires the RIM interneu-130 ron 131 Our finding that AIY encodes thermal information in a manner that depends on motor state suggests 132 a critical role in sensorimotor transformations during positive thermotaxis. In animals exposed 133 to either constant or oscillating temperatures, AIY activity consistently rises at the beginning of 134 forward runs and decays at the onset of reversals (Figure 3) . How does AIY, a first order interneuron, 135 acquire a motor signal? 136 We explored the possibility that proprioception, elicited by movement itself, underlies the 137 calcium response in AIY. We imaged the thermosensory circuit activity in immobilized animals 138 3 of 23 Manuscript submitted to eLife subjected to constant temperature. As in moving animals, AIY's activity remained anti-correlated 139 with neurons active during reversals (AVA) and correlated with neurons active during forward 140 movement (RME and SMDD/V) (Figure 2-Figure Supplement 1) . C. elegans movement is not required 141 for AIY activity to reflect motor state, arguing against proprioception. 142 We also tested whether motor commands are generated by AIY and transmitted to the premotor 143 and motor circuits. We imaged AIY's activity upon blocking its chemical synaptic transmission by 144 AIY-specific expression of tetanus toxin (TeTx) (Figure 3B) . Without chemical synaptic output, AIY 145 activity remained strongly coupled to the motor state, implying that AIY must receive the motor 146 state signal. 147 We asked whether AIY receives corollary discharge from neurons that encode the motor com-148 mand. We imaged AIY activity in moving animals upon ablation of AIY's downstream interneurons 149 and premotor interneurons ( Figure 4A) . For interneurons, we focused on AIB and RIM. AIB shares 156 We found that ablating AIB did not remove the motor state representation in AIY (Figure 4B , D). 157 Neither did the removal of the premotor interneurons AVA or AVB alone ( Figure 4B ). However, AIY 158 lost its motor state representation when we ablated RIM, either by itself or in combination with 159 other premotor interneurons (Figure 4B , C). 160 RIM activity has been shown to be correlated with the AVA premotor interneuron that promotes Figure 4E ). When RIM was ablated, AIY calcium signals no longer responded to 167 optogenetic activation of either AVA or AVB, suggesting that RIM is part of the CD pathway from the 168 motor circuit to AIY. Without RIM, AIY activity no longer reflected or depended on the motor state, 169 but the premotor interneurons AVA and head motor neurons RME and RMD continued to encode 170 for the backward and forward movement, albeit with reduced bimodal activity (Figure 5A,B) . Thus, 171 RIM is not essential for generating motor commands, but is necessary to relay motor information 172 to AIY, a first layer interneuron. ). We imaged AIY activity in loss-of-function mutants for glutamatergic signaling (VGLUT3/eat-179 4), tyramine synthesis (TDC/tdc-1), vesicular monoamine transport (VMAT/cat-1) and peptidergic 180 signaling (CAPS/unc-31). We found that AIY activity remained coupled to motor state in all mutants, 181 but the difference in AIY activity between the backward and forward states was less distinct in 182 mutants defective for vesicular monoamine transport (VMAT/cat-1) or tyramine synthesis (TDC/tdc-1) 183 (Figure 5C,D) . This effect was similar to when we blocked RIM neurotransmitter release by TeTx 184 (Ptdc-1::TeTx) (Figure 5C,D) . 185 Since perturbation of chemical synaptic transmission did not abolish motor-related activity in (Figure 3) . Therefore, the corollary discharge signal 191 must undergo sign reversal when propagated from RIM to AIY. Our observations suggest that the 192 joint representation of sensory and motor signals in AIY arises from separate sources: feedforward 193 input from AFD and feedback from the motor circuit that is conveyed through RIM.
173
RIM-mediated corollary discharge does not depend on chemical synaptic transmis-
194
A role for RIM-dependent corollary discharge during positive thermotaxis 195 RIM plays a critical role in the motor state dependent modulation of AIY calcium activity. This 196 prompted us to examine the effect of disrupting the CD signal on sensorimotor transformations 197 in behaving animals. When RIM-ablated animals were subjected to oscillating temperatures, 198 AIY activity was no longer coupled to the motor state, but instead reliably tracked temperature 199 fluctuations during both forward and backward movements (Figure 6) . The stronger representation 200 of an oscillating temperature in AIY activity was evident in its power spectrum (Figure 6A , B; p<0.001 201 Wilcoxon rank sum test). When RIM was ablated, we were also able to detect the representation 202 of thermosensory oscillations in the activity pattern of the AVA premotor interneuron and the 203 SMDD head motor neuron (Figure 6) . This observation suggests that the loss of the RIM-dependent 204 CD signal resulted in a sensorimotor circuit that becomes more susceptible to fluctuations in 205 thermosensory input. Without RIM and the CD signal to AIY, thermosensory representations of 206 fluctuating inputs can reach the motor circuit. The CD signal may thus play an important role in 207 sustaining motor outputs across rapidly varying sensory inputs. 208 We tested this hypothesis by examining the effect of RIM ablation on positive thermotaxis 209 ( Figure 6D) . These animals were specifically defective in their ability to sustain forward locomotion 210 when moving up the thermal gradient ( Figure 6E) . The gradual heading angle reorientation during a 211 forward run remained intact (Figure 6F) . Thus, the thermotaxis defect of RIM ablated animals is a 212 disruption in the ability to sustain forward runs up temperature gradients. To illustrate how corollary discharge could contribute to sustained motor states during thermotaxis, 216 we built a minimal phenomenological model of the thermotaxis circuit (Figure 7) . In this model, 217 temperature fluctuations encoded by a thermosensory neuron is conveyed to a downstream 218 interneuron. The interneuron outputs to a motor command circuit that determines the motor state. 219 A copy of the motor command is relayed back to the interneuron in a manner that reinforces the 220 ongoing motor state, effectively forming a positive feedback loop. When exposed to fluctuating 221 inputs, this circuit transitioned between two stable states at time scales much longer than the input 222 signal (Figure 7B) . 223 We used this circuit model to simulate animal locomotion along linear thermal gradients (Fig-224 ure 7C). The model with strong corollary discharge most effectively drove migration up the tempera-225 ture gradient. In this case, forward runs up the temperature gradient were substantially longer than 226 those down the gradient (Figure 7D,E (Gordus et al., 2015) . By studying the circuit in moving animals, our results 248 favor the interpretation for a different role for RIM. During thermotaxis, RIM allows AIY, a first-layer 249 interneuron, to generate response variability that is not stochastic but directly correlated with motor 250 state. This observation underscores the importance of measuring sensorimotor transformations in 251 behaving animals where feedback loops are active. 252 The motor state signal in the AIY interneuron requires the RIM interneuron. We do not know 253 the synaptic mechanism by which the corollary discharge reaches AIY. One possibility is that it 254 employs synaptic transmission-independent mechanisms and/or indirect feedback circuits from 255 RIM to AIY. More extensive molecular and cellular dissection is needed to understand how the 256 corollary discharge signal reaches AIY (Figure 2) . Ablation of RIM not only eliminates the motor 257 state representation in AIY, but also leads to increased thermosensory representation in the 258 activity patterns of downstream neurons. Thus, the positive feedback provided to the first layer 259 interneuron contributes to the separation of sensory input patterns in sensory neurons from motor 260 output patterns in premotor interneurons. Behaviorally, it enhances the stability of a motor state 261 that carries the animal up temperature gradients during positive thermotaxis, an interpretation 262 supported by agent-based modeling (Figure 7) . 263 In conclusion, our findings reveal a new role for corollary discharge. In C. elegans thermotaxis, 264 corollary discharge promotes sustained neural responses to thermal stimuli and stabilizes a motor The following promoters were used to allow neuron-specific expression of a calcium sensor, chrim-270 son, and miniSOG. Most were generated from genomic DNA isolated from mixed stage N2 animals. 271 Promoters include 4.8 kb (Prig-3), 0.9 kb (Pinx-1), 5.3 kb (Pglr-1), 2.9 kb (Pcex-1), 0.86 kb (Plgc-55B), (Qi et al., 2012; Shu et al., 2011) . An inter-cistronic 299 sequence splice leader (SL2) was inserted between the coding sequence of tomm20-miniSOG and For AIY imaging in genetic synaptic transmission mutants, QW1408, QW1409, QW1411, QW1175, 315 and QW1415 were generated by crossing aeaIs003 into the corresponding mutant backgrounds 316 listed in Supplemental Table 1 . 317 For AIY imaging upon cell-type specific manipulation of synaptic transmission, aeaIs003 was 318 crossed with yxIs25, xuEx1414, and kyEx4962 to generate ADS043, ADS042, and ADS013, respectively 319 (Li et al., 2014; Zhang et al., 2005; Gordus et al., 2015) . 320 Chrimson (Klapoetke et al., 2014) was codon-optimized and fused at C-terminus with wCherry 321 as described (Lim et al., 2016) . Chrimson expression was driven by Plgc-55B and Prig-3 to generate 322 pHR2 and pHR6. These constructs were co-injected with Pges-1::GFP into QW1410 to generate 323 aeaEx003 (ADS29) and aeaEx005 (ADS31), for AIY imaging upon optogenetic stimulation of AVB and 324 AVA, respectively. 325 aeaEx003 and aeaEx005 were then crossed into hpIs327;aeaIs003;lite-1 to generate ADS033 and 326 ADS035 for AIY calcium imaging in RIM ablated animals, upon AVB and AVA stimulation, respectively. Manuscript submitted to eLife 23°C was established. Before each assay session, a thin layer of NGM agar sized 20 cm on each side 332 was placed on the arena and allowed to equilibrate to the temperature of the arena. Twenty young 333 adults were collected from their cultivation plates and briefly washed in NGM buffer before they 334 were transferred onto the thin agar. These animals were allowed to explore the assay environment 335 for 5 minutes before behavioral recording starts. Afterwards, a CMOS camera positioned above 336 the arena recorded continuously every 500 milliseconds for 20 minutes. Animal trajectories were 337 extracted from the raw behavioral recordings using custom-written LABVIEW software. Subsequent where 3 is the skewness of the distribution, 4 is the excess kurtosis, and the sample size. 410 BC>0.555 is typically taken to indicate bimodality (Pfister et al., 2013) . 411 412 Neural circuit model 413 We use a reduced model to capture the interaction between the three key components of the 414 thermotaxis circuit: 1 ( ), the activity of the AFD thermosensory neuron; 2 ( ), the activity of the AIY 415 interneuron; 3 ( ), motor circuit activity. A leaky integrator model that captures the dynamics of 416 these interconnected circuits (Figure 7A) is given by a set of coupled equations: 
Modeling of circuit activity and behavior
To isolate the effect of corollary discharge on the duration of behavioral states, all animals are 438 simulated to move at constant speed (1 unit length per time step). 439 The stimulus environment is also chosen to simulate experimental conditions. A linear thermal 440 gradient along the direction is set by ( ) = . Sample traces are shown to the left. Activity distribution for each neuron is shown to the right. B. Comparison of bi modality coefficients for the activity of individual neurons in wild type versus RIM ablated animals. C. AIY activity in VGLUT3/eat-4(ky5) mutants (N = 3 animals); VAMT/cat-1(e1111) mutants (N = 3 animals); CAPS/unc 31(e69) mutants (N = 3 animals); TDC/tdc-1(n3420) mutants (N = 4 animals); and in the transgenic animals expressing TeTx (tetanus toxin) specifically in the RIM and RIC neurons (N = 4 animals). D. Quantification of motor state activity in AIY in mutants and transgenic animals in (C). Significance of difference in mean between wild type (left) and RIM ablated (right) animals are presented on top of each bar. Error bars are 95% CI. n.s., non-significant, *, p<0.05, **, p<0.01, ***, p<0.001 by Wilcoxon rank-sum test. 
